The aquatic nuisance mussel, Limnoperna fortunei, arrived in Japan before 1987 possibly with the Asian clam imported as food from mainland China. Now the mussel's distribution has spread to two river systems in central Japan.
INTRODUCTION
The freshwater mussel Limnoperna fortunei (Dunker, 1856 ) is a small, byssate bivalve ( Figure 1 ) that is indigenous in China. Countries inhabited so far are China, Korea, Taiwan, Thailand, Argentina and Japan (Morton 1973; Nakai 1995) . L. fortunei belongs to the same family as the edible mussel, moule (Mytilus galloprovincialis). Like the zebra mussels (Dreissena polymorpha), L. fortunei adheres to hard surfaces with byssal threads and the byssal adhesion leads to biofouling of natural and man-made structures. This epibenthos infestation of water intake structures and pipes has caused biofouling and related problems in China and Korea (Morton 1975; Choi et al. 1982; Tan et al. 1987; Cai 1991) . In Japan, L. fortunei was first found in Lake Biwa in 1992 (Matsuda & Uenishi 
HABITAT DISTRIBUTION AND DENSITY IN SURFACE WATERS
Two water systems were confirmed to be infested: the Lake Biwa-Yodo River system and the Kiso-Nagara-Ibi River system. Figure 2 shows habitat distribution and habitat density in the Lake Biwa-Yodo River system and the Kiso-Nagara-Ibi River system. L. fortunei inhabited more than 100 km along the rivers from the estuary. No L.
fortunei was found in brackish water in the estuary, but a subspecies (L. fortunei kikuchi Habe) was found, probably because of the low salinity tolerance and osmoregulation of L. fortunei. The highest abundance recorded was more than 10,000 individuals m − 2 . In the Lake Biwa-Yodo River system, the most infested area was the impounded water at the Amagase Dam, and the habitat distribution had not spread further north of Lake Biwa. Figures 3 and 4 show weekly variations in the concentration of L. fortunei larvae at the Amagase Dam in the Yodo River (Oida et al. 1998 ) and in the Nagara River, respectively.
The reproduction period was from May to September, during which the water temperature was above 20°C. At the Amagase Dam, the larvae concentration also varied widely with the discharge from the dam, which suggested that the larvae had run out with the dam discharge.
The highest reproduction rate occurred in the impounded dam water and the inflow water diluted the concentration of larvae. The greatest abundance of adult L. fortunei was observed in the dam reservoir, as shown in Figure 2 . show data from Lake Biwa and the Yodo River, respectively. In Figure 5 , a new peak with shell length less than 10 mm appeared in September 1995 (the distribution became bimodal), and this cohort was believed to be the mussels produced in that year. Tracing this cohort with time, we deduced that the shell length grew by 15 mm yr − 1 . Assuming that reproduction time was July, the average shell length of 1-year-old L. fortunei found the follow- fortunei lives for more than 2 years in Korea (the largest expected value of average lifespan was 4.5 years) (Choi et al. 1982) , and lives longer in the central part of China (Cai 1991) . The lifespans of zebra mussels are also variable between places: these can be categorized into two groups (Nalepa et al. 1993) . The first group, slow growing but nei are similar to those of zebra mussels in North America (Nalepa et al. 1993; Claudi & Mackie 1994; D'Itri 1997) . Adult zebra mussels grow 1.5-2.0 cm yr − 1 and most of them die after 1.5-2 years of age. However, the presence of the three distinct cohorts throughout most of the year was indicated by the analysis of the length-frequency distributions of zebra mussels, which suggested that there are two major recruitment events (birth periods) per year (Nalepa et al. 1993) . Peak reproduction occurs in June and July, but larvae that are born in the spring can grow to reproduction size and contribute to an autumn recruitment. The survey of May 1998 divided attached mussels into live/dead. The lower left of Figure 7 shows the shell size distribution of mussels attached to the surface of the main in May 1998. A cohort of mussels whose shell lengths were less than 10 mm had already been observed, and were believed to be newly settled in that year: the water temperature rose earlier than usual in 1998, and might have accelerated the development of gonads and reproduction.
HABITAT DISTRIBUTION AND DENSITY IN WATER INTAKE AND TRANSMISSION FACILITIES
About 50% of the mussels with 15-17 mm shell length, which should have been 1-year-old, were dead. This data is consistent with L. fortunei's lifespan of less than 2 years, as previously stated.
The amount of dead L. fortunei conveyed from the rubbish removers of grit chambers at a raw water pumping station reached a peak in summer, as shown in Figure 8 .
This period of the peak corresponded to, or existed just after the reproduction period, which leads to the assumption that L. fortunei started to die after the reproduction phase. Figure 9 compares the shell length distributions of mussels attached in a transmission main and of dead mussels deposited on a flocculator. A bimodal distribution was observed for the live and attached mussels, but the dead mussels had a single peak in shell length distribution. The average length of the dead mussels was 22 mm. These results are in accordance with the estimation that L. fortunei's lifespan is between 1 and 2 years and they could live no longer than 2 years in these facilities.
In Figure 10 , the abundance of mussels in transmission mains is plotted against distance from the intake gate.
The infestation occurred along the direction of the water flux and the intensity of mussel fouling decreased with the distance (in other words, the duration of flow). No mussel attachment was observed in the main further than 10 km from the intake.
The number of L. fortunei attached on the transmission main also varied with the hydraulic condition at the settling point. Figure 11 compares the mussel abundance at a straight section, a branched section, and a pipe bend (the inside of the curve). These sections were selected from the same main and were equivalent in distance, so the effects of distance and influent water quality could be disregarded. The least fouled section was the branched section, possibly due to high turbulence. The pipe bend was the most fouled, perhaps because of the wakes of slow fluid velocity at the pipe wall surface. A detailed hydraulic analysis would be useful.
DAMAGE
The damage caused by L. fortunei included: dead specimens of L. fortunei clogged small diameter pipes transmitting raw water in: (1) sampling pipelines (typically, 25 mm inner diameter) for water quality monitoring;
(2) cooling pipes of conveyance pumps in a water intakeand-pumping station; and (3) cooling pipes of a turbine dynamo-electric generator in a hydraulic power plant. The clogging in the second case caused insufficient cooling water supply in heat exchangers and an unexpected shutdown of the raw water pumps to a water purification No damage was reported after February 1997 because counter measures had been taken to meet the situation.
Most of the problems (clogging of small diameter pipes)
were avoided by inserting sediment traps in pipelines.
Although research revealed that chlorine either in the free or combined form is effective for the control of nor has the natural death of mussels affected taste, although these kinds of damage have been reported for the zebra mussel (Nalepa et al. 1993; Claudi & Mackie 1994; Schalekamp, personal communication) . This is probably due to the low reproductive rate and the short lifespan of L. fortunei in Japan. The population densities of zebra mussels, which have higher reproduction rates and a longer lifespan, are expected to be one or two orders of magnitude higher than those of L. fortunei: time-average density is 100,000 individuals m − 2 , density may range up to 1,000,000 individuals m − 2 (Nalepa et al. 1993; Claudi & Mackie 1994; D'Itri 1997) . Zebra mussel larvae concentrations in the order of 100,000 individuals m − 3 were reported (Nalepa et al. 1993; Schalekamp, personal communication) , which is ten times the concentration of L. fortunei larvae. Water treatment plants have been shut down and influent flow rates reduced considerably because of zebra mussel infestation and clogging (Nalepa et al. 1993) . The lifespan of L. fortunei in the water intake and transmission facilities was up to 2 years, which was the same as in the infested rivers and the lake. The same patterns of shell length frequency and its seasonal variation were observed for these facilities, the rivers, and the lake.
INVASION ROUTE
L. fortunei reproduced from May to September and reached an average shell length of 15 mm in the next season.
The mussels caused clogging problems in water purification plants and an electric-power generation station.
The damage reported included the clogging of small diameter pipes transmitting raw water by dead L. fortunei.
In particular, the clogging of cooling pipes caused the shutdown of raw water pumping motors and a dynamo- 
